A novel 18 F-labeled ligand for the norepinephrine transporter (N-[3-bromo-4-(3-18 F-fluoro-propoxy)-benzyl]-guanidine [LMI1195]) is in clinical development for mapping cardiac nerve terminals in vivo using PET. Human safety, whole-organ biodistribution, and radiation dosimetry of LMI1195 were evaluated in a phase 1 clinical trial. Methods: Twelve healthy subjects at 3 clinical sites were injected intravenously with 150-250 MBq of LMI1195. Dynamic PET images were obtained over the heart for 10 min, followed by sequential whole-body images for approximately 5 h. Blood samples were obtained, and heart rate, electrocardiogram, and blood pressure were monitored before and during imaging. Residence times were determined from multiexponential regression of organ region-ofinterest data normalized by administered activity (AA). Radiation dose estimates were calculated using OLINDA/EXM. Myocardial, lung, liver, and blood-pool standardized uptake values were determined at different time intervals. Results: No adverse events due to LMI1195 were seen. Blood radioactivity cleared quickly, whereas myocardial uptake remained stable and uniform throughout the heart over 4 h. Liver and lung activity cleared relatively rapidly, providing favorable target-to-background ratios for cardiac imaging. The urinary bladder demonstrated the largest peak uptake (18.3% AA), followed by the liver (15.5% AA). The mean effective dose was 0.026 ± 0.0012 mSv/MBq. Approximately 1.6% AA was seen in the myocardium initially, remaining above 1.5% AA (decay-corrected) through 4 h after injection. The myocardium-to-liver ratio was approximately unity initially, increasing to more than 2 at 4 h. Conclusion: These preliminary data suggest that LMI1195 is well tolerated and yields a radiation dose comparable to that of other commonly used PET radiopharmaceuticals. The kinetics of myocardial and adjacent organ activity suggest that cardiac imaging should be possible with acceptable patient radiation dose.
Hear t failure (HF) is a growing health problem in the United
States, affecting more than 5.3 million people in 2005 (1,2), and patients with HF are 6-9 times more likely to have sudden cardiac death (SCD), compared with the rate of the general population. HF and SCD are associated with abnormalities of the cardiac sympathetic function.
Alterations in cardiac sympathetic function occur early in the development of HF, even before the augmented sympathetic outflow to other organs (3) . These changes include increased norepinephrine release from cardiac sympathetic nerves and decreased cardiac norepinephrine reuptake (4) , which lead to elevated cardiac sympathetic tone. The cardiac neuronal norepinephrine transporter (NET) is mainly responsible for norepinephrine clearance at the synaptic cleft. Impaired function of NET in HF has been identified in the hearts of humans with diverse etiologies, including hypertension, valvular and ischemic heart disease, and idiopathic hypertrophic cardiomyopathy (4-7). Thus, measuring NET function may be a useful target for monitoring the development and likelihood of progression of HF and for assessing risk for SCD. Nuclear cardiac imaging provides a unique tool to measure the molecular changes in the heart, including cardiac function of NET, in a noninvasive and repeatable manner (8) .
Currently, 123 I-metaiodobenzylguanidine ( 123 I-MIBG), an iodinated neurotransmitter analog, is commonly used for SPECT imaging of sympathetic function of the heart in Japan and Europe (8, 9) and was recently approved for cardiac sympathetic imaging in the United States. The neuronal uptake of 123 I-MIBG in the heart is primarily by the NET, via an energy-dependent uptake 1 mechanism that is sensitive to desipramine inhibition (10) . In the past 2 decades, many studies have demonstrated that cardiac uptake of 123 I-MIBG is lower in individuals with HF (8, 9) . Furthermore, patients with the lowest uptake, as reflected by the heart-to-mediastinal ratio, or with the fastest washout from the heart tend have the poorest prognosis (8, 9) . Multiple studies suggest that 123 I-MIBG can be used as an independent predictor of HF progression and cardiac mortality (11) (12) (13) .
11 C-metahydroxyephedrine is another NET ligand that has been used for PET imaging of cardiac sympathetic function. However, widespread clinical imaging with this agent has been limited by the short half-life (;20 min) of 11 C and the need for an onsite cyclotron. A recently completed single-site prospective study (Prediction of ARrhythmic Events With Positron Emission Tomography [PAREPET]; NCT01400334) of coronary artery disease patients who were candidates for an implantable cardiovertor defibrillator placement for primary prevention of SCD applied 11 C-metahydroxyephedrine PET imaging and demonstrated that the extent of denervation assessed with quantitative PET was one of the best predictors of SCD (14) .
N-[3-bromo-4-(3-18 F-fluoro-propoxy)-benzyl]-guanidine (LMI1195) is another novel PET imaging agent developed for evaluation of sympathetic neuronal function in the heart (15) . This agent is a benzylguanidine analog, in the same class as MIBG, but labeled with 18 F, a positron emitter having a significantly longer half-life (;110 min) than 11 C. LMI1195 could potentially improve the clinical feasibility of PET sympathetic imaging and take advantage of the improved resolution and quantitative capability of PET (15) . Yu et al. recently demonstrated that the uptake of LMI1195 was NET-mediated in both rabbits and nonhuman primates and was decreased in rodent models of HF. PET imaging studies in nonhuman primates with LMI1195 showed a favorable heart-toliver ratio, compared with 123 I-MIBG (15) .
We now report the initial first-in-human results of a multicenter single-dose phase I study evaluating the dosimetry, biodistribution, and safety of LMI1195 PET imaging in 12 young, healthy subjects at 3 sites in the United States. This report demonstrates the safety and tolerability of LMI1195 and establishes image quality as well as the whole-organ biodistribution and dosimetry. The regional variation of myocardial uptake and myocardial clearance was also evaluated in a subset of the healthy human volunteers for determination of the normal myocardial distribution.
MATERIALS AND METHODS

Study Design
We performed a multicenter phase I, nonrandomized, single-dose, open-label first-in-human study that enrolled 12 healthy subjects at 3 study centers in the United States. The study was approved by the Institutional Review Board (IRB) at each site, and each subject signed the IRB-approved, written informed consent form. The study population consisted of healthy volunteers of either sex between the ages of 18 and 40 y, with a body mass index of 18-30 kg/m 2 , without significant or chronic medical illness, pregnancy, smoking within 1 mo of enrollment, or the use of any prescription drugs within 4 wk before dosing.
Subjects underwent screening procedures within 2 d before enrollment to confirm eligibility and underwent baseline procedures on the day of imaging. Subjects received a single intravenous bolus injection of 148-222 MBq (4-6 mCi) of 18 F-labeled LMI1195 and underwent whole-body PET imaging. The first 3 subjects were enrolled sequentially until all safety follow-up was completed on days 5-7.
Evaluation of Patient Safety
Safety was assessed at various time points by monitoring adverse events (AEs), clinical laboratory tests, electrocardiograms, physical examination, and vital signs. Subjects were confined at the study center 1 d before administration of LMI1195 (day 1) and remained confined until completion of the day 2 safety assessments. Subjects were contacted by telephone approximately 48 6 8 h (day 3) after LMI1195 administration, for AE monitoring. Subjects returned to the study center approximately 1 wk (5-7 d) after LMI1195 administration for a follow-up safety visit, and they were contacted by telephone approximately 14-17 d after LMI1195 administration for serious-AE monitoring.
Heart rate, electrocardiograms, blood pressure, and laboratory assessments were obtained before and during imaging and at the time of the day 2 and days 5-7 follow-up evaluation and physical examination.
Laboratory Testing for Toxicity
Blood and urine sampling was performed at the time of screening, at baseline (within 2 h before LMI1195 administration), and at multiple time points up to 48 h after administration to evaluate for potential toxicity of LMI1195 and included assessment of renal and hepatic function.
PET Image Acquisition and Reconstruction Protocol
Serial whole-body PET scans were acquired in 2-dimensional mode using either a PET-only scanner (HR1; Siemens) or a PET/CT scanner (Discovery LS4 PET/CT; GE Healthcare). The supplemental data (available at http://jnm.snmjournals.org) provide details regarding our acquisition and reconstruction protocols.
Assessment of Biodistribution and Uptake and Clearance Pharmacokinetics
Venous blood and urine sampling was performed at baseline (within 2 h before LMI1195 administration) and at time points up to 8 h after administration to evaluate the pharmacokinetics of LMI1195 and 18 F activity and to obtain a metabolite profile in 6 subjects at the 1 clinical study center of the 3 participating that was capable of conducting the assessments. Plasma samples collected at 1, 2, 5, 15, 30, 60, 90, 120, and 240 min after injection mixed with urea at a final concentration 8 M, and selected urine samples were subjected to column-switching radio-high performance liquid chromatography (HPLC) analysis for separation of LMI1195 parent from its 18 F metabolites, based on a modified method published by Hilton et al. (16) . Up to 5 mL of plasma filtrate were coinjected with synthetic unlabeled LMI1195 and metabolites to the automatic HPLC system, which consisted of an analytic mobile phase designated at 27.5% of acetonitrile in 0.1 M ammonium formate, pH 4.2, at 1.37 mL/min, with a Luna C18 (2) analytic column (250 · 4.6 mm, 5 mm; Phenomenex). The LMI1195 parent compound retention was 15 min. Synthetic external standards for LMI1195 parent and known metabolites had been observed during in vitro and in vivo nonclinical studies. Quantification of 18 F radioactivity in the HPLC eluate was fraction-collected in a timely manner and performed by a g-counter assay.
Summary statistics were calculated for the pharmacokinetic parameters, such as maximum concentration, time of maximum concentration, elimination half-life, clearance at steady state, steady-state volume of distribution, and area under the concentration-time curve from time 0 to time t for LMI1195 and 18 F radioactivity in blood.
Estimation of Dosimetry
Estimates of organ absorbed doses were calculated on the basis of multiple whole-body PET images acquired at scheduled time points after administration of LMI1195 to evaluate organ, blood, and wholebody distribution. The full details of this dosimetry analysis are available in the supplemental data. For 6 of the subjects (from 2 sites) whose data were acquired on systems not capable of full whole-body imaging, images of the legs were used to estimate activity not in the field of view in the head to mid-thigh images.
Image data acquisition and dosimetry calculations were performed in accordance with the recommendations of the MIRD Committee (17) . OLINDA/EXM software (18) was used to estimate organ-absorbed doses in accordance with guidelines of the U.S. Food and Drug Administration pertaining to dosimetry for experimental radiopharmaceuticals (19) . Estimates of the effective dose (ED) equivalent and the ED were based on International Commission on Radiological Protection (ICRP) publications 26 (20) and 60 (21), respectively.
Regions of interest were constructed using the coronal slices to determine whole-organ activity. Image quantification was performed in general concordance with the methodology described in MIRD pamphlet no. 16 (17) . Organ activity values were normalized where necessary to ensure that activity was conserved.
For each patient and organ, voxel sum data in the resulting volumes of interest were subjected to nonlinear least-squares regression analysis using sums of exponentials. Urinary excretion for dosimetry purposes was estimated on the basis of the total body radioactivity, quantified from the images.
The residence times (t) were determined by integration of the resultant exponential functions. The remainder of the body t was determined by subtraction of the organ t from the whole-body t. Urinary bladder t were determined using the parameters determined by fitting the whole-body activity data with a urinary bladder model as implemented in the OLINDA/EXM software (version 1.1) (18), with a 3.5-h bladder-voiding interval. Red marrow t was determined on the basis of a volume of interest created for a portion of the lumbar spine. The total lumbar spine was assumed to contain 16.1% (22) of the total red marrow. Absorbed dose estimates for all target organs were determined with OLINDA/EXM using the hermaphroditic adult male phantom. Salivary gland self-dose was determined using a conservative estimate of the S value for salivary glands based on the reference man total mass of the parotid and submaxillary salivary glands (23) and assuming a spheric shape. Final salivary gland dose estimates were determined using these S values as described in the MIRD Primer (24) . Global SUVs for the heart, liver, and lung were calculated for all subjects over the imaging period using AMIDE (25) and the myocardiumto-lung and myocardium-to-liver ratios calculated.
A subset of the healthy subjects (n 5 6) from 1 of the study centers had additional analyses performed using customized cardiac analysis software (WLCQ; Medx) to establish the normal regional variation of myocardial uptake. Attenuation-corrected images at 20 min and 1 h were reoriented into standard cardiac specific axes, and regional SUVs were quantified on a sector-by-sector basis with correction for injected dose and subject weight, using the PET quantification software. Circumferential profiles were generated of the SUVs. The left ventricle was then divided into 3 short-axis slices (base, mid, apical) and each slice then divided into 4 radial sectors (anterior, septal, inferior, lateral), and mean regional SUV for each sector was calculated.
Statistical Methods
Statistical analyses and summary tables and listings were prepared using SAS (release 9.1.3 or 9.2; SAS Institute, Inc.). Standard descriptive summaries included the number of subjects, mean, median, SD, minimum, and maximum for quantitative variables; frequencies and percentages were provided for qualitative variables. Listings were sorted by subject number and time relative to dose or visit, where appropriate. Statistical comparison tests, if performed, were based on 5% level of significance.
The subjects' demographics and baseline characteristics were listed and summarized using standard descriptive statistics. The demographic profile, including age, sex, race, ethnicity, height, weight, and body mass index, were summarized for all enrolled subjects. Medical history data were collected and listed by body system in all enrolled subjects.
RESULTS
All 12 subjects who were enrolled into the trial received LMI1195 and completed the trial. The mean age 6 SD of subjects was 27.8 6 6.5 y. Most subjects were male (66.7%), not Hispanic (83.3%), and White (66.7%). The mean body mass index 6 SD for subjects was 24.6 6 3.4 kg/m 2 , from a minimum of 18.9 to a maximum of 29.7 kg/m 2 .
Subjects were administered a mean (6SD) dose of 1.77 6 0.46 mg of LMI1195, from a minimum of 0.94 to a maximum of 2.76 mg of LMI1195. The average amount of 18 F injected was 193.5 6 37.4 MBq (5.23 6 1.01 mCi).
Patient Safety
There were no deaths, serious AEs, discontinuations due to AEs, or other significant AEs reported during the conduct of this trial. Five (41.7%) subjects experienced at least 1 AE; all were mild or moderate in severity. The most common AE was back pain, which was reported in 2 (16.7%) subjects, and can most likely be attributed to the long imaging times. The other AEs (1 subject, 8.3% for each) were muscle spasms, musculoskeletal discomfort, feeling hot, caffeine withdrawal headache, and micturition urgency.
There were no clinically significant laboratory results identified after injection of LMI1195. No clinically significant changes in vital signs from baseline values were identified after LMI1195 administration, and all values returned to predose levels by the end of vital sign monitoring. No clinically significant abnormalities were identified on 12-lead electrocardiography during initial review by the principal investigator at each site or by the sponsor on secondary review.
Biodistribution and Uptake and Clearance Pharmacokinetics
The radiotracer cleared quickly from the blood and demonstrated a favorable biodistribution for early cardiac imaging. A representative series of whole-body LMI1195 coronal images at the midmyocardial level in 1 of the human volunteers acquired over the 5 h after injection is illustrated in Figure 1 . The observed timeactivity curves in whole organs are summarized in Figure 2 . The organ with the largest peak uptake was the urinary bladder (18.3% of the injected activity at ;60 min postdose), followed by the liver (15.5% AA at ;17 min postdose). Concentrations of LMI1195 that were observed in the liver were unlikely to affect the assessment of myocardial disease in most cases. These data are summarized in Figure 2 . The values reported represent the fraction of the injected radioactivity in the whole organ and not the concentration of radioactivity in the organ. Thus, these values do not necessarily reflect the relative intensity of the image in the corresponding organ, because image intensity is a function of the concentration of radioactivity rather than total radioactivity. LMI1195 was rapidly cleared from circulation, with a peak at 1-2 min that declined to a mean concentration of 0.00046% 6 0.00007% of the injected dose (% AA)/mL within 5 min postdose. Metabolism was assessed by HPLC in 6 subjects, and polar metabolites with retention times at 2 and 10 min were found, whereas parent LMI1195 eluted out at 15 min. In 5 of 6 subjects, metabolism was rapid, with parent fractions of 36.5% 6 19.1%, 12.5% 6 4.3%, and 7.2% 6 2.4% at 15, 30, and 120 min after injection, respectively. The sixth subject had substantially higher parent fraction (about 2-fold), suggesting possible heterogeneity in metabolic activity. The mean 6 SD urinary excretion of 18 F radioactivity from urine sampling for all subjects, extrapolated to infinity, was 25.2 6 10.8% AA.
Dosimetry
The t for 18 F radioactivity in all critical organs for all 12 volunteers are summarized in Table 1 . The longest t was for the remainder tissue (1.1 h), followed by the liver (0.27 h) and urinary bladder (0.20 h). Therefore, on average, the urinary bladder wall received the largest absorbed dose, at 0.10 mSv/ MBq (0.38 rem/mCi), followed by the kidneys at 0.083 mSv/ MBq (0.31 rem/mCi). The mean ED was 0.026 mSv/MBq (0.096 rem/mCi).
The estimated absorbed dose for each critical organ for all 12 volunteers is summarized in Table 2 . The injection of 370 MBq 
Imaging Characteristics
On the basis of analyses of the mean regional SUV in the dynamic PET images, myocardial LMI1195 activity remained stable over 5 h (Fig. 3A) , with favorable heart-to-lung (Fig. 3B) and heart-to-liver ratios (Fig. 3C) over the same period of time.
We applied quantitative circumferential analysis to serial reoriented cardiac images to define the regional variation of LMI1195 myocardial uptake (Fig. 4) in a subset of patients (n 5 6). There was no significant variation (P 5 0.95, ANOVA) in regional myocardial SUV around the circumference of the heart (anterior, 4.0 6 0.6; septum, 3.9 6 0.7; inferior, 3.9 6 0.4; lateral, 3.9 6 0.6) at 1 h after injection. There was also no significant (P 5 0.4, ANOVA) base-to-apex gradient in myocardial uptake (base, 3.8 6 0.7; mid ventricle, 4.0 6 0.5; apex, 3.9 6 0.5). These data are summarized in Figure 5 .
DISCUSSION
Cardiac sympathetic imaging provides a noninvasive approach to risk-stratify patients with HF. This phase 1, multicenter, nonrandomized, single-dose, open-label, first-in-human clinical trial of LMI1195, a new PET imaging agent for the noninvasive assessment of sympathetic activity, demonstrates no safety concerns, rapid blood clearance, and extraction by the heart with stable myocardial activity over 5 h and a favorable biodistribution for cardiac imaging over the same period of time. Dosimetry analyses found that the urinary bladder wall receives the largest absorbed dose (0.10 mSv/MBq), followed by the kidneys (0.083 mSv/MBq). The mean ED of LMI1195 was 0.026 6 0.001 mSv/MBq, which is similar to that reported for 123 I-MIBG (0.013 mSv/MBq) (26) . Liver uptake peaked at approximately 17 min after injection and did not seem to impair visualization of myocardial uptake that reached a plateau early after injection.
LMI1195 has a fundamental chemical structure similar to 123 I-MIBG and demonstrates high specificity for presynaptic uptake 1 comparable to 123 I-MIBG (27) . However, in preclinical studies, LMI1195 demonstrated improved imaging characteristics over 123 I-MIBG, with a more favorable heart-to-liver ratio in rodents and nonhuman primates. Kinetics studies in rabbits and nonhuman primates with LMI1195 suggest that the rate of myocardial uptake of this agent may be limited, more by neuronal function than by flow (27) . Similar to 123 I-MIBG, LMI1195 is not a substrate for monoamine oxidase and therefore enters the cytosol and becomes trapped in neuronal vesicles (28) . Imaging with 123 I-MIBG has been the most widely used radiotracer approach for evaluation of sympathetic activity in the heart. Despite the availability of this radiotracer for more than 3 decades, widespread application of 123 I-MIBG imaging has been limited by suboptimal target-to-background activity and reliance on planar imaging for quantitation of myocardial activity relative to background mediastinal activity or myocardial washout. True quantification of absolute regional or global myocardial uptake FIGURE 3. LMI1195 demonstrated favorable kinetics for cardiac imaging. Myocardial activity remained stable over 5 h (A), with favorable heart-to-lung (B) and heart-to-liver ratios (C) over same period. Error bars represent SD. has been limited. Although recent studies have proposed quantitative SPECT approaches (29) , large clinical trials continue to rely on quantification from planar images (11) .
Although PET imaging offers advantages over SPECT imaging for quantification of regional and global myocardial activity, PET sympathetic imaging agents have been principally 11 C-labeled, limiting widespread clinical translation of this approach. The availability of an 18 F-labeled sympathetic agent such as LMI1195 could open the door for large multicenter PET-based imaging trials of sympathetic activation in the setting of infarction or congestive HF for prediction of SCD. To define the true advantage of LMI1195 imaging over 123 I-MIBG imaging, additional head-tohead comparison studies would be required that optimize cardiac imaging with both agents.
CONCLUSION
Clinical imaging with LMI1195 appears to be feasible for the assessment of regional myocardial sympathetic activity at a time range of 10-20 min after injection of approximately 370 MBq (;10 mCi) of LMI1195. The critical organ was found to be the urinary bladder wall, with an estimated radiation dose of 0.10 6 0.02 mSv/MBq. The estimated ED equivalent (20) was 0.031 6 0.002 mSv/MBq, whereas the ED (21) was found to be 0.026 mSv/MBq, similar to that previously reported for 123 I-MIBG (26) . These early data suggest that LMI1195 is well tolerated and yields a radiation dose comparable to that of other commonly used PET radiopharmaceuticals. Myocardial uptake and adjacent organ activity suggest that good images should be possible with acceptable patient radiation dose. This study establishes the normal pattern of quantitative regional myocardial uptake of LMI1195, which was uniform throughout the heart in healthy volunteers. LMI1195 PET imaging provides a potentially quantitative approach for evaluation of both regional denervation and the heterogeneity of innervation, indices that are likely to be predictive of SCD. This type of regional myocardial analysis may offer advantages over evaluation of heart-to-mediastinal ratios in future studies of patients with heart disease.
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